Abstract:
Polaritonic excitation and control in van der Waals (vdW) materials exhibit superior merits than conventional materials and thus hold new promise for exploring light matter interactions. In this work, we created vdW heterostructures combining hexagonal boron nitride (hBN) and a representative phase change material -vanadium dioxide (VO2). Using infrared nanospectroscopy and nano-imaging, we demonstrated the dynamic tunability of hyperbolic phonon polaritons in hBN/VO2 heterostructures by temperature control in a precise and reversible fashion.
The dynamic tuning of the polaritons stems from the change of local dielectric properties of the VO2 sublayer through insulator to metal transition by the temperature control. The high susceptibility of polaritons to electronic phase transitions opens possibilities for applications of vdW materials in combination with correlated phase change materials. Van 14, 15 , reconfigurable electronics and optics 16 , have just been explored in vdW systems recently 17, 18 . Therefore, in addition to some preliminary approaches [19] [20] [21] , the exploration of heterostructures composed of vdW crystals and phase change materials is imperative.
In this work, we build a novel vdW heterostructure ( Figure 1a ) by combining hexagonal boron nitride (hBN) and a canonical phase change material vanadium dioxide (VO2) for the control of polaritons 22, 23 hyperbolicity. This natural hyperbolicity offer advantages over previous efforts using metamaterials 32, 33 due to the high momentum cutoff of light set by the interatomic spacing in natural lattices 34, 35 . Therefore, the hyperbolicity in hBN holds promising applications in subdiffractional focusing 34, 35 Scattering-type scanning near-field optical microscopy (s-SNOM) is used to study the hybrid polariton and phase transition in hBN/VO2 heterostructures. Briefly, we illuminate the tip of an atomic force microscope (AFM) with infrared (IR) quantum cascade lasers (QCL, solid red arrow, Figure 1a ) and collect the back-scattered IR signal (dashed red arrow). The scattered signal is demodulated at higher harmonics of the tip tapping frequency to yield essential near-field signal.
The s-SNOM can record optical signals inaccessible by conventional optics with a resolution down to 10 nm (Methods) and has been extensively used to investigate nano-optical phenomena, including polaritons in vdW materials 22, 24, 39, 40 and nanoscale phase transitions 41, 42 . The VO2 film studied in this work has a thickness of 50 nm and was deposited on a [110]R TiO2 substrate to ensure a large conductivity jump (five orders of magnitude) during the IMT 41 . This VO2/TiO2 system also renders a unidirectional phase separation which permits an anisotropic electronic phase modulation 43 . Therefore, during the IMT, the coupling between the s-SNOM with more polaritonic modes can account for the increasing spectral intensity in the Type I region. In contrast, coupling with fewer polaritonic modes in the Type II region will cause the decrease of the spectral intensity. Moreover, with increasing metallicity, the hybrid HP 2 s-IMT modes red-shift in both Type I and Type II region, in accordance with our experimental observations at the increasing temperature (Figures 2a-b) .
The nano-imaging and nano-spectroscopy results augmented with the frequency -momentum dispersion simulations in Figures 1 and 2 During the preparation of this manuscript, we became aware of another experimental work on phonon polaritons in hBN/VO2 heterostructures 53 .
Methods

Experimental setup
The infrared (IR) nano-imaging and Fourier transform infrared nano-spectroscopy (nano-FTIR) experiments on hBN/VO2 heterostructures were performed using a scattering-type scanning near-field optical microscope (s-SNOM). We use a commercial s-SNOM system (www.neaspec.com) based on a tapping-mode atomic force microscope (AFM) and a commercial AFM tip (tip radius ~ 10 nm) with a PtIr5 coating. In the experiment, we illuminate the AFM tip by monochromatic quantum cascade lasers (QCLs) (www.daylightsolutions.com) and a broadband source from a difference frequency generation system (www.lasnix.com) to cover a frequency range of 900 -2300 cm -1 . The s-SNOM nano-images were recorded by a pseudo-heterodyne interferometric detection module with an AFM tapping frequency 280 kHz and tapping amplitude around 70 nm. In order to remove the background signal, we demodulate the s-SNOM output signal at the 3 rd harmonics of the tapping frequency.
Sample fabrication
The vanadium dioxide (VO2) substrates studied in this report are deposited on [110]R TiO2
substrates (1 cm × 1 cm) by temperature-optimized sputtering using the reactive bias ion beam deposition in a mixed Ar and O2 atmosphere. These substrates show consistently anisotropic THz and DC conductivity 41 . A 1% ~ 2% tensile strain along cR axis is present in these substrates due to the lattice mismatch between TiO2 and VO2. Hexagonal boron nitride (hBN) crystals are mechanically exfoliated onto the VO2/TiO2 substrates.
